Loss-of-function mutations in the human ERG1 potassium channel (hERG1) frequently underlie the long QT2 (LQT2) syndrome. The role of the ERG potassium channel in cardiac development was elaborated in an in vivo model of a homozygous, loss-of-function LQT2 syndrome mutation. The hERG N629D mutation was introduced into the orthologous mouse gene, mERG, by homologous recombination in mouse embryonic stem cells. Intact homozygous embryos showed abrupt cessation of the heart beat. N629D/N629D embryos die in utero by embryonic day 11.5. Their developmental defects include altered looping architecture, poorly developed bulbus cordis, and distorted aortic sac and branchial arches. N629D/N629D myocytes from embryonic day 9.5 embryos manifested complete loss of I Kr function, depolarized resting potential, prolonged action potential duration (LQT), failure to repolarize, and propensity to oscillatory arrhythmias. N629D/N629D myocytes manifest calcium oscillations and increased sarcoplasmic reticulum Ca ϩ2 content. Although the N629D/N629D protein is synthesized, it is mainly located intracellularly, whereas ϩ/ϩ mERG protein is mainly in plasmalemma. N629D/N629D embryos show robust apoptosis in craniofacial regions, particularly in the first branchial arch and, to a lesser extent, in the cardiac outflow tract. Because deletion of Hand2 produces apoptosis, in similar regions and with a similar final developmental phenotype, Hand2 expression was evaluated. Robust decrease in Hand2 expression was observed in the secondary heart field in N629D/N629D embryos. In conclusion, loss of I Kr function in N629D/N629D cardiovascular system leads to defects in cardiac ontogeny in the first branchial arch, outflow tract, and the right ventricle. (Circ Res. 2008;103:1483-1491.) Key Words: KCNH2 (hERG) Ⅲ knock-in mouse Ⅲ embryo developmental defect
T he human ERG gene (hERG/KCNH2) encodes a potassium channel that is important in the late stage of action potential repolarization in heart. Mutations in this gene, which generally reduce plasmalemmal expression of hERG, lead to the long QT2 (LQT2) syndrome in humans. [1] [2] Patients with the LQT2 syndrome have a delay in cardiac repolarization that predisposes them to cardiac arrhythmias that can be lethal. 1, 2 Mutations in hERG are associated with embryonic lethality and the sudden infant death syndrome. [3] [4] Although the LQT2 syndrome generally occurs in individuals heterozygous for the mutant allele, individuals homozygous for the exon 4 duplication manifest embryonic lethality or are rescued in the neonatal period by pacing. 5 Although not widely recognized, mutations of' hERG appear to be associated with structural congenital cardiovascular anomalies including: tetralogy of Fallot, atrial-septal defects, ventricular-septal defects, and patent ductus arteriosus. 6 -9 Mouse ERG (mERG) is the dominant repolarizing current in the mouse embryonic heart. 10 A channel analogous to hERG is expressed in differentiating quail neural crest cells 11 early in development. These data imply a potential role of the ERG potassium channel in cardiovascular development. We created, by homologous recombination in embryonic mouse stem cells, mice bearing the human LQT2 N629D hERG mutation [12] [13] [14] [15] [16] inserted in situ in the mouse gene homolog (mERG). The cardiovascular developmental consequences were evaluated. Faculty of Medicine, University of Calgary, Alberta, Canada, using protocols in accordance with animal care guidelines established by the Canadian Council on Animal Care.
Immunohistochemistry and Immunofluorescence
For immunohistochemistry, cryosection was made from 4% paraformaldehyde-fixed embryos, sections were cut at 10 m, and incubated in blocking solution (PBS containing 0.1% Triton X-100, 0.05% Tween 20, 2% donkey serum, and 1% BSA) for 2 hours, followed by overnight incubation in the anti-HERG antibodies 1:300 (Alomone Labs, Israel) in 1% BSA PBS solution at 4°C. As negative control, 10 g/mL the mERG peptide was added together with the first antibody. After washing, sections were incubated in blocking solution 2 hours, then incubated with donkey anti-rabbit horseradish peroxidase conjugate (Amersham) 1:300. For immunofluorescence, cardiomyocytes or cryosections from OCT-embedded embryos were fixed with Ϫ20°C methanol for 10 minutes and then blocked and labeled with mERG antibody as described above, followed by incubation with cy3-conjugated goat anti-rabbit secondary antibody (Jackson Immunoresearch Laboratories, West Grove, Pa).
In Situ Hybridization
Whole-mount in situ hybridization was performed on embryonic day (E)9.5 ϩ/ϩ and N629D/N629D embryos. 17 An EcoR1/Xho1 fragment at the 3Ј end of the coding sequence was subcloned into pGEN-T easy vector to produce the mERG1 specific probe. 18 The Hand2 probe consisted of a 1.2-kb fragment from the 3Ј end of Hand2 cDNA. 19 In situ hybridization studies were also performed with a mERG1 probe.
Apoptosis Assay
TUNEL assays were carried out using the Apoptag peroxidase in situ apoptosis detection kit (Chemicon).
Isolated Murine Embryonic Cardiomyocytes and Electrophysiological Recording
Isolation and dispersion of E9.5 cardiomyocytes were performed by the method similar to that described by Burton et al. 20 The extracellular solution (36Ϯ1°C) contained 140 mmol/L NaCl, 5.4 mmol/L KCl, 1 mmol/L MgCl 2 , 1 mmol/L CaCl 2 , 5 mmol/L HEPES, and 5.5 mmol/L glucose (pH 7.4 with NaOH). The pipette solution contained 110 mmol/L K-aspartate, 10 mmol/L KCl, 5 mmol/L MgCl 2 , 5 mmol/L ATP-Na 2 , 10 mmol/L EGTA, 10 mmol/L HEPES, and 1 mmol/L CaCl 2 (pH 7.2 with KOH). A liquid junction potential of Ϫ10 mV was corrected. The holding potential was Ϫ70 mV.
Intracellular Calcium Measurement
Cells were loaded with the membrane-permeable acetoxymethyl ester of Fluo-4 (Fluo-4-AM) (Molecular Probes, Invitrogen Inc), and intracellular Ca 2ϩ transients were measured at 37°C (see the expanded Materials and Methods section in the online data supplement). Membrane potential was simultaneously measured in currentclamp mode. Sarcoplasmic reticulum Ca 2ϩ content was estimated from the amplitude of the Ca 2ϩ transient induced by rapid application of 10 mmol/L caffeine.
Video Microscopy
Pregnant females at 9.5 days postcoutis were anesthetized (isoflurane) and the embryos placed in DMEM at 37°C. Video microscopy was performed at ϫ10 using a digital video camera.
In Vivo Embryonic Echocardiography
An echocardiographic machine (Model VS40, VisualSonics, Toronto, Canada; nominal center frequency of 40 MHz and a focal length of 6 mm) was used 21 to observe the characteristics of the intrauterine heart beating.
Results

Homozygous N629D Results in Embryonic Lethality
The N629D mutation was inserted into the mouse ERG gene by homologous recombination in mouse embryonic stem cells (see Figure I in the online data supplement). To remove the neomycin cassette, N629D mice were mated to Mox2-Cre mice.
Heterozygous N629D mutant offspring were viable and fertile. However, no viable N629D/N629D homozygous offspring were obtained in litters from N629D heterozygote intercrosses (supplemental Figure I, B ). To further explore when N629D/N629D embryos die, embryos were dissected at various times during gestation. Their genotypes and morphologies were related ( Figure 1 and supplemental Figure I ). Before E9.0, no obvious difference in body size at matched stages of development (as judge by somite pairs) was observed ( Figure 1A and 1H ). After 20 somites, the N629D/ N629D embryos showed significantly smaller body size. By E11.5, no live N629D/N629D embryos were found.
Developmental Cardiac Defects in N629D/N629D Embryos
At E9.5, the morphology of the ϩ/ϩ hearts shows the expected bulboventricular groove and a U-shaped cardiac loop ( Figure 1B ; see arrow). In contrast, the N629D/N629D embryos ( Figure 1I ) did not show this normal bulboventricular groove (nϭ14), and, instead, the silhouette of the heart showed an L-shaped heart tube. These data suggested abnormalities in looping architecture. N629D/N629D embryos were observed to have a massive pericardial effusion, likely a consequence of heart failure. Defective development was observed in the bulbus cordis right ventricle and the outflow tract. Figure 1C through 1E compares representative hematoxylin/eosin coronal sections of the embryos at E9.5 in ϩ/ϩ versus N629D/N629D embryos ( Figure 1J through 1L). In N629D/N629D embryos, the right ventricle is not normally developed; the outflow tract is distorted and is continuous with a dilated aortic sac and first branchial arch artery. Hypoplasia of first branchial arch is shown in Figure 1J . Heterozygote embryos have neither developmental phenotypes nor pericardial effusion.
To assess whether the N629D/N629D genotype altered the overall expression levels of wild-type (WT) or mutant mERG protein, immunohistology studies were performed in ϩ/ϩ ( Figure 1F and 1G [higher power magnification of boxed portion of Figure 1F ]) and in N629D/N629D ( Figure 1M and 1N [higher power]) hearts. Overall mERG protein expression is similar in ϩ/ϩ ( Figure 1F and 1G) and N629D/N629D hearts ( Figure 1M and 1N ).
The ϩ/ϩ hearts consistently beat regularly without arrhythmias. In contrast, N629D/N629D hearts beat irregularly with abrupt pauses (attached video supplement). The ϩ/ϩ embryos shows flow both into and out of the heart. The N629D/N629D embryos have arrhythmias, and there is no flow into or out of the heart even during normal beats. Fetal echocardiograms confirm irregular beating and abrupt asystolic episodes in N629D/N629D mice but never in ϩ/ϩ embryos.
I Kr , Action Potential, and Arrhythmic Phenotypes in N629D/N629D Myocytes
At E9.5, WT myocytes show typical hERG currents ( Figure  2A ), whereas complete loss of I Kr tail current was observed in the N629D/N629D myocytes ( Figure 2B ). Whereas most of the ϩ/N629D myocytes from 10 hearts (29/38) have an I Kr whose character and density is similar to ϩ/ϩ ( Figure 2C ), a minority of myocytes (6/38) showed an I Kr with a much smaller ratio of tail current to time-dependent current magnitude ( Figure 2D ). This characteristic is the same as the "intermediate" phenotype previously reported. [13] [14] [15] In addition, a small proportion of ϩ/N629D cells (3/38) showed an N629D-like phenotype, absent tail currents ( Figure 2E ). Mean current-voltage relationships of the peak tail currents are shown in Figure 2F .
For each cell, after recording I Kr in voltage-clamp mode, spontaneous paired action potentials were recorded in current-clamp mode. In ϩ/ϩ myocytes, a spectrum of action potential shapes were observed, some with features of sinus node cells, some atrial-like, and some ventricular-like ( Figure  3A ). Even so, ϩ/ϩ myocytes manifest relatively hyperpolarized resting membrane potentials (mean data in supplemental Figure II ). In comparison to ϩ/ϩ, the action potential in N629D/N629D myocytes ( Figure 3B ) show more depolarized resting membrane potentials and prolonged action potential durations (APDs). Moreover, failure to repolarize and spontaneous oscillatory triggered activity were commonly observed in N629D/N629D myocytes ( Figure 3B ). Most ϩ/N629D cells had a WT-like I Kr phenotype ( Figure 3C ) and had action potentials similar to ϩ/ϩ. In contrast, ϩ/N629D myocytes which manifest the intermediate I Kr phenotype ( Figure 3D ) had resting potentials that were significantly more depolarized with prolonged action potentials. In addi-tion, cells with an N629D-like phenotype had marked depolarization of resting potential and spontaneous arrhythmias occurred frequently ( Figure 3E ). The ϩ/ϩ myocytes manifest a resting membrane potential of Ϫ64Ϯ2 mV compared to Ϫ38Ϯ2 mV for N629D/N629D myocytes (PϽ0.001). The ϩ/N629D cells with a WT-like I Kr phenotype ( Figure 3C ) had a resting potential (Ϫ67Ϯ1 mV) similar to ϩ/ϩ. In contrast, ϩ/N629D myocytes that manifest the intermediate and N629D-like I Kr phenotype ( Figure 3D ) had depolarized resting potentials of Ϫ50Ϯ4 and Ϫ39Ϯ3 mV, respectively; both PϽ0.01). Mean APDs (in ms) for ϩ/ϩ, N629D/N629D, ϩ/N629D with WT-like phenotype, ϩ/N629D with intermediate I Kr phenotype, and ϩ/N629D with N629D-like phenotypes were 65Ϯ6, 143Ϯ25 (PϽ0.01), 59Ϯ12 (PϭNS), 139Ϯ30 (PϽ0.01), and 145Ϯ29 (PϽ0.01), respectively.
Distribution of N629D Protein Expression in Myocytes
To assess the cellular distribution of the N629D protein, immunocytochemical studies were performed on cardiac myocytes isolated from E9.5 heart tubes. The distributions of the mERG protein are shown in Figure 3 in the right column. Typically, the ϩ/ϩ mERG protein is localized dominantly in the surface plasmalemma, where it is expressed as continuous linear sheaths of staining. In contrast, the N629D/N629D protein was expressed intracellularly, in a pattern of punctuate concentric rings of staining that do not generally touch the plasmalemma. In contrast, a spectrum of expression patterns are observed in heterozygous ϩ/N629D myocytes. The majority of the cells (108/133 cells) had a pattern of distribution of mERG protein similar to WT. A minority of cells (14/133 cells) had a pattern of staining indistinguishable from N629D/ N629D myocytes. The remaining cells had an intermediate 
N629D/N629D Myocytes Manifest Calcium Oscillations and Increased Sarcoplasmic Reticulum Ca ؉2 Content
Because involution of the fetus and failure of the heart to develop are characteristics of the N629D/N629D embryos and because abnormalities of intracellular calcium are a common denominator of cell death, 22 we compared intracellular calcium homeostasis in N629D/N629D versus ϩ/ϩ E9.5 fetal myocytes (Figure 4 ). The N629D/N629D cells were depolarized and they displayed abnormal Ca 2ϩ oscillations, with elevated peak F/F 0 ( Figure 4A and 4B ). In these circumstances, injection of negative current (to give a resting membrane potential comparable to that of WT cells) lowered diastolic F/F 0 and produced abnormal prolonged action potentials with marked early afterdepolarizations ( Figure 4A and 4B) . The sarcoplasmic reticulum Ca 2ϩ content (estimated from the amplitude of the caffeine-induced Ca 2ϩ transient) was significantly higher in N629D cells (F/F 0 : N629D versus WT, 4.02Ϯ0.24 versus 3.40Ϯ0.17, Pϭ0.04; Figure 4C and 4D).
Potential Mechanisms by Which mERG K ؉ Channel Plays a Role in Development
mERG expression was abundant in the craniofacial region and first branchial arch ( Figure 5A ). mERG expression was also compared in right ventricle, outflow tract, and left ventricle in ϩ/ϩ embryos. The expression of mERG protein was substantially stronger in the right ventricle and outflow tract compared to the left ventricle in ϩ/ϩ E10.5 embryonic heart ( Figure 5B ). Because the developmental defects seen in the N629D/N629D fetuses are quite similar to that seen in Hand2-deficient embryos, 23 we assessed Hand2 expression in the N629D/N629D embryonic hearts versus ϩ/ϩ. Figure 6 shows that in ϩ/ϩ embryos Hand2 is abundantly expressed in the right ventricle, bulbus cordis, and the branchial arches, compared to the left ventricle. In contrast, Hand2 is substantially downregulated in N629D/N629D E9.5 embryos ( Figure 6 ). Apoptosis is also seen in the first branchial arch in hand2-deleted mice at E9.5. 23 TUNEL immunocytochemical assays were also performed on N629D/N629D embryos. Figure 7 shows robust TUNEL-positive staining at E9.5 in N629D/N629D fetuses in the craniofacial region. Apoptotic cells were also observed in the outflow tract of the N629D/ N629D hearts, albeit sporadically, but were rare in these areas in the ϩ/ϩ embryos. Our data indicate that the earliest signs of apoptosis develop in the first branchial arches ( Figure 1J and Figure 7C ) and craniofacial regions. To assess the time course of the onset of the apoptosis, we assessed the presence of apoptosis at earlier developmental times. Even earlier, at E9 (somite 17 to 19) , robust apoptosis was present in the craniofacial maxillary regions and the first branchial arches in N629D/N629D embryos. At that time, there was no witnessed apoptosis in the heart (data not shown). No overt Arrowhead indicates early afterdepolarization. Action potentials from ϩ/N629D embryo hearts with N629D phenotype show similar pattern of N629D/N629D embryo hearts. The numbers with in the brackets show the number of cells that showed the various phenotypes in the ϩ/N629D embryos. Representative examples of the cellular distribution of the mERG proteins were evaluated in isolated cardiac myocytes and are shown in the right column. The ϩ/ϩ protein is dominantly expressed in the plasmalemma, whereas the N629D/ N629D protein is dominantly expressed intracellularly (see the text). A spectrum of patterns of protein expression are observed in the ϩ/N629D heterozygous myocytes. The majority of cells (108/133) manifest a distribution pattern similar to WT. A minority of cells (14/ 133) have a distribution virtually identical to N629D/N629D. Another group of cells have a phenotype intermediate between WT and N629D/N629D. In these cells, the protein is distributed in a peri-or subplasmalemmal location, but the protein is expressed as punctuate dots, rather than the linear sheaths of protein seen in WT. Scale barsϭ20 m. difference in phospho-histone H3 staining (M-phase marker) was observed comparing E9.5 N629D/N629D and ϩ/ϩ embryos (data not shown).
Discussion
The N629D/N629D embryos show the following novel features. (1) All embryos die by E11.5. (2) An I Kr -null phenotype is associated with defects in cardiac looping and development of the right ventricle, bulbus cordis, and pharyngeal arches. These gross histopathologic phenotypes are very similar to that reported in abstract form by London et al. 24 (3) N629D/N629D myocytes show prolonged APD and depolarization of the resting potential and propensity to oscillatory cardiac arrhythmias and recurrent asystolic episodes in intact embryos. (4) The depolarization of the resting potential is associated with abnormalities of intracellular calcium homeostasis. Intracellular calcium overload is a common denominator to cell death in excitable tissues. 22 (5) Apoptosis is abundant at E 9.5 in the craniofacial region and the first branchial arch and this occurs before apoptosis in the outflow tract.
Because a large number of medications inadvertently block the hERG potassium channel, these novel findings have substantial clinical relevance.
Causes of Embryonic Lethality
There are a number of reasons to believe that the cardiovascular defects are causative of the embryonic lethality: (1) all propulsive flow into and out of the fetal heart is lost in the N629D/N629D embryos; and (2) embryonic N629D/N629D embryos manifest arrhythmias and bradycardias. Previous studies report that embryonic hearts respond to pharmacological hERG blockers with bradycardia and cardiac arrest resulting in ischemia, [25] [26] [27] [28] ventriculoseptal defects, vascular defects, and death. One limitation of those studies is that the drugs used are not at all specific for I Kr . Secondly, blockade of I Kr in embryonic cardiac myocytes was not established.
Potential Mechanisms by Which mERG K ؉ Channel Plays a Role in Development
In the present study, we observed that mERG protein expression in the developing embryonic heart is not homogeneous. Top, Calcium signal (F/F 0 ). Bottom, Membrane potential (V M ). In A, the WT cell displays spontaneous action potentials with corresponding calcium transients. The N629D cell is depolarized (resting membrane potential, Ϫ30 mV) and shows rapid oscillatory potentials and elevated peak [Ca 2ϩ ]. When its resting membrane potential is lowered to Ϫ65 mV by injecting negative current, it exhibits abnormal action potentials with prominent early afterdepolarizations. B, Ca transients in response to rapid application of 10 mmol/L caffeine. C and D, Summary data. MeansϮSEM are shown for Ca transients and caffeine-induced transients, with n (cells) indicated. The number of animals was 7 WT and 6 N629D. Statistically significant differences are shown. Error bars are omitted when smaller than symbols.
Protein expression is exaggerated in the right ventricle and in the outflow tract. Previous studies by Franco et al 29 also reported inhomogeneous expression of ␤ subunits of the I Kr channel complex in embryonic heart: expression mIRP and minK are also exaggerated in the bulbus cordis. 29 An exaggerated phenotype of the functionally knockout might be expected in tissue with endogenous exaggerated mERG expression.
Recent studies in chicken embryos by Tirosh-Finkel et al 30 indicate that cells from the cranial paraxial mesoderm migrate to the branchial arches and subsequently give rise to the facial structures and populate the outflow tract of the heart. Other studies by Ko et al 31 propose that cranial neural crest cells appear to contribute to cardiac outflow tract. N629D/N629D embryos manifest extensive apoptosis, particularly in the first branchial arch and the facial region. Given that cells from the branchial arch populate the outflow tract, 30 we propose that early apoptosis in the branchial arch and facial region would prevent those cells from contributing to the development of the outflow tract in N629D/N629D hearts. 30, 31 This is our working model. Thus, we propose that Hand2 expression is downregulated in N629D/N629D embryonic right ventricle and outflow tract because progenitor cells that populate the outflow tract undergo apoptosis while in the facial region and branchial arch. Thus, tissues that would be expected to express Hand2 are absent, simply because those structures fail to develop.
Previous studies indicate that Hand2 deletion results in craniofacial apoptosis with defects in the development of the right ventricle, outflow tract, and bulbus cord. Thus, deletion of Hand2 produces a final developmental phenotype 32 similar to N629D/N629D embryos. The molecular mechanism underlying the defect in the pharyngeal arches in Hand2-null mice has been recently explored showing apoptosis in an Apaf-1-dependent fashion; Apaf-1 is a central downstream mediator of mitochondrial damage-induced apoptosis. 33 Our data indicate that the deficiency of mERG functional expression in N629D/N629D embryos results in depolarization of the resting membrane potential. We propose a working mechanistic model in which protracted depolarization of the resting membrane potential triggers apoptosis attributable to intracellular calcium overload. Dysfunction of calcium homeostasis is a common trigger for apoptosis in a wide range of cellular systems, including heart. 22 Other studies confirm that pharmacological block of hERG results in apoptosis. The antihypertensive agent doxazosin pharmacologically blocks the hERG channel. 34 Specifically, doxazosin induced apoptosis in hERG-overexpressing HEK cells but did not produce apoptosis in untransfected control cells. Pharmacological blockade of hERG also leads to apoptosis in wide range of native tumor cells that endogenously overexpress the hERG current. 35 An alternative working model for the apoptosis and mortality in N629D/N629D mice is that the proven arrhythmias and asystolic episodes and abnormalities of flow lead to hemodynamic insufficiency, which can secondarily increase 
Limitations
Our study provides a working hypotheses to explain the developmental defects in N629D/N629D mice. Although our model is based on and is consistent with our data, we cannot unambiguously prove that all of the phenotypes observed in N629D/N629D embryos are caused by a loss of function of I Kr and subsequent depolarization-mediated calcium overload, resulting in apoptosis. It remains a possibility that the N629D mutation results in a gain of function in noncardiac cells. Further studies will be necessary to address these issues.
Conclusion
Loss of I Kr function in the N629D/N629D cardiovascular system leads to defects in cardiac ontogeny mainly in the first branchial arch, outflow tract, and the right ventricle. 
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